Introduction {#s1}
============

Alzheimer\'s disease (AD) is the most common form of neurodegenerative disorder amongst the elderly, \[[@BCJ-477-2039C1]\] leading to neuronal cell death and loss of cognitive function. It is the most prevalent neurodegenerative disease without a known cure, \[[@BCJ-477-2039C2],[@BCJ-477-2039C3]\] with current drugs providing only marginal symptomatic relief. \[[@BCJ-477-2039C4],[@BCJ-477-2039C5]\] While the exact cause of AD remains unclear, the major pathological hallmarks are neurofibrillary tangles and amyloid plaques in the brain. \[[@BCJ-477-2039C6]\] Extracellular amyloid plaques are dense, insoluble aggregates containing the Aβ peptide, which in the brain are produced primarily by neurons. \[[@BCJ-477-2039C7]\] Aβ is a short peptide, with the most common alloforms being either 40 or 42 residues in length, \[[@BCJ-477-2039C8]\] and is formed via proteolysis of the amyloid precursor protein (APP) by β- and γ-secretases. \[[@BCJ-477-2039C9],[@BCJ-477-2039C10]\] While Aβ~40~ is the more abundant amyloid peptide *in vivo*, Aβ~42~ is more neurotoxic and is responsible for peptide aggregation and fibrilization. \[[@BCJ-477-2039C11]\] The aggregation of Aβ~42~ peptide monomers to potentially neurotoxic oligomers and fibrils is believed to be a cause of AD, \[[@BCJ-477-2039C12],[@BCJ-477-2039C13]\] however the precise relationship between size, structure and toxicity of Aβ~42~ oligomers remains elusive. \[[@BCJ-477-2039C14],[@BCJ-477-2039C15]\] The soluble monomeric form of Aβ~42~ has recently been found to have possible additional physiological functions, \[[@BCJ-477-2039C16]\] so the pursuit of drugs such as secretase inhibitors may not be prudent at this point in time. Hence, the inhibition of Aβ aggregation seems a more appropriate strategy.\[[@BCJ-477-2039C17]\] The design of small molecular inhibitors to interfere with such protein-protein interactions is somewhat challenging, with the majority of those compounds currently undergoing clinical trials being non-selective and binding to Aβ~42~ with low affinity. \[[@BCJ-477-2039C12]\] Peptide-based molecules are ideal candidates for the inhibition of Aβ aggregation, insofar as they can be specifically modified to increase affinity and specificity, \[[@BCJ-477-2039C12]\] with bio-inspired peptides currently considered to be the most promising option for drug design. \[[@BCJ-477-2039C18]\] A rational approach for the design of peptide-based inhibitors expressly for Aβ~42~ aggregation is to target the site where fibrilization is thought to occur, focusing on high specificity and affinity. \[[@BCJ-477-2039C12]\] One of the sites known to be responsible for Aβ fibril formation is the hydrophobic core region of Aβ~42~, the self-recognition 'nucleation site', KLVFF (16--20 residue region). \[[@BCJ-477-2039C21],[@BCJ-477-2039C22]\] A synthetic peptide fragment comprising this amino acid sequence is believed to bind to the corresponding region of the native peptide via hydrophobic interactions and hydrogen bonding, providing minor inhibition of Aβ~42~ aggregation. \[[@BCJ-477-2039C23]\]

Studies have shown that Aβ~42~ oligomers and fibrils contain a β-sheet structure, with the KLVFF region crucial in this regard. \[[@BCJ-477-2039C24]\] It has been suggested that a conformational change to a β-sheet geometry is the first step in the aggregation process. \[[@BCJ-477-2039C29]\] Recently, cryogenic electron microscopy (cryo-EM) and solid-state nuclear magnetic resonance (ssNMR) have revealed a detailed characterization of Aβ~42~ monomers within the fibrils with near-atomic resolution. \[[@BCJ-477-2039C30]\] These particular studies reveal that each amyloid polymorph results from the dimerization of two individual Aβ~42~ molecules, with the stacking of identical monomer pairs above and below via hydrogen bonding to form oligomers. \[[@BCJ-477-2039C33]\] In each of these defined polymorphs, a β-strand (16--20) region is evident in both monomers, with residues exposed on the exterior surface, forming the main turn between three major β-strands. These intramolecular β-strands, together with other critical interactions, such as a salt bridge between K28 and A42, help constrain the monomer into a compact S (or LS)-shaped amyloid fold, \[[@BCJ-477-2039C30],[@BCJ-477-2039C34]\] as depicted in [Figure 1A](#BCJ-477-2039F1){ref-type="fig"}. A slight protrusion is evident in the structure towards the end of this particular β-strand, in the vicinity of hydrophilic residues E22 and D23, where several mutations are associated with the onset of Alzheimer\'s disease, \[[@BCJ-477-2039C35]\] which may provide some insights into the origins of Aβ~42~ toxicity. Hence, these three-dimensional structures provide an excellent foundation for the rational design of inhibitors that can bind to a specific, accessible location on the monomer/fibril surface to prevent Aβ~42~ aggregation.

![High-resolution cryo-EM reconstruction of Aβ~42~ fibrils, and synthesized peptides used in this study.\
(**A**) Cryo-EM reconstruction of full-length Aβ~42~ fibrils (pdb entry: 5oqv) \[[@BCJ-477-2039C32]\] shows that residues 16--20 (red) are central to a parallel β-sheet region, identified on the exterior surface of the fibrils in several Aβ~42~ polymorphs. Residue F20 has been shown to occupy two distinct orientations on the fibril surface (fibril axis indicated by dashed line). (**B**) Structures of control peptides wAib and KLVFF. The rationally designed β-strand peptides **1** (L-isoform) and **2** (D-isoform) were assessed to determine their ability to prevent Aβ~42~ fibril formation. (**C**) Design strategy of peptide inhibitors (peptide **2** in this instance) consisting of the recognition sequence (blue) which targets residues 16--20 (red) of Aβ~42~, and the wAib β-breaker moiety (orange) to prevent fibril formation.](BCJ-477-2039-g0001){#BCJ-477-2039F1}

Numerous derivatives of KLVFF have been developed to improve inhibitory effects, \[[@BCJ-477-2039C36]\] with only pentapeptides or longer showing significant binding to the amyloid peptide. \[[@BCJ-477-2039C43]\] A previous study based on the KLVFF motif, found that peptides containing D-amino acids were more active inhibitors of Aβ than their L-counterparts. \[[@BCJ-477-2039C44]\] The D-amino acid peptide fragment, klvff, has a modest inhibitory effect on Aβ~42~ aggregation, albeit superior to that of the L-enantiomer, KLVFF. \[[@BCJ-477-2039C45]\] The use of D-amino acids offers advantages of increased metabolic stability and resistance to proteases, \[[@BCJ-477-2039C46]\] decreased immunogenicity, \[[@BCJ-477-2039C47]\] as well as an enhanced ability to cross the blood brain barrier (BBB). \[[@BCJ-477-2039C48],[@BCJ-477-2039C49]\] Murphy and Kiessling were among the first to report incorporation of a 'disruption element' into peptides containing the KLVFF recognition element, which was shown to alter Aβ aggregation pathways. \[[@BCJ-477-2039C50]\] Specifically, the recognition element facilitates the binding of the peptide-based inhibitor to the growing Aβ fibril or its precursor, while the disruption element is designed to hinder further propagation and reduce toxicity. \[[@BCJ-477-2039C51],[@BCJ-477-2039C52]\] Peptides containing various 'β-strand breakers' acting as a disruption element have been shown to inhibit Aβ aggregation. \[[@BCJ-477-2039C11],[@BCJ-477-2039C12]\] Proline residues were first used in this context, and exhibited a moderate inhibitory effect against Aβ~42~ when located in the centre of the peptide sequence in order to prevent the formation of a β-sheet structure. \[[@BCJ-477-2039C53]\] The achiral, geminally disubstituted aminobutyric acid (Aib) residue has also found moderate success when used in this manner, \[[@BCJ-477-2039C2],[@BCJ-477-2039C54],[@BCJ-477-2039C55]\] and possesses a much stronger β-strand breaking potential than proline. \[[@BCJ-477-2039C56]\] The placement of a β-strand breaker residue in the centre of short peptide inhibitors based on the KLVFF recognition element is known to distort the β-strand conformation, \[[@BCJ-477-2039C57]\] and is thus not structurally homologous to the Aβ oligomer/fibril binding site. \[[@BCJ-477-2039C52]\] The Gazit group designed a novel oligomerization inhibitor comprising a dipeptide, with D-tryptophan (D-Trp) coupled to a C-terminal Aib β-breakage moiety. \[[@BCJ-477-2039C56]\] They found that tryptophan demonstrated the highest amyloidogenic propensity of any amino acid, \[[@BCJ-477-2039C2]\] with the indole moiety thought to interact with the aromatic rings of the phenylalanine residues located in the central hydrophobic core region of the amyloid peptide via π--π stacking, thus competing with Aβ monomers for interaction with the growing fibrils. \[[@BCJ-477-2039C56]\] While the peptide exhibited good binding affinity for Aβ monomers, \[[@BCJ-477-2039C58]\] it was designed to be non-specific in sequence, and has the capacity to inhibit the toxic aggregation of other amyloid peptides, including IAPP, α-synuclein, and calcitonin. \[[@BCJ-477-2039C59]\] Studies have shown that peptides with a high affinity for Aβ are better inhibitors of Aβ fibrilization, \[[@BCJ-477-2039C60]\] but peptide-based inhibitors designed expressly for Aβ~42~ aggregation also require high specificity. Hence, retention of the β-strand geometry of the peptide-based inhibitor for binding specificity is crucial, as is judicious placement of the disruption domain. Although a KLVFF fragment has been shown to inhibit Aβ~42~ aggregation to a small degree, \[[@BCJ-477-2039C23]\] it has a tendency to self-aggregate, which is not a desirable property for an effective inhibitor \[[@BCJ-477-2039C61]\].

With the aforementioned in mind, we present a specific Aβ~42~ inhibitor (see peptide **2** in [Figure 1](#BCJ-477-2039F1){ref-type="fig"}) based on the KLVFF recognition site of Aβ~42~ (residues 16--20), that does not self-aggregate. The peptide comprises all D-amino acids, coupled to a C-terminal Aib 'β-breakage' moiety, to exploit the synergy between the recognition and disruption components. The peptide was rationally designed to incorporate features such as hydrophobicity, β-sheet propensity, and charge, in order to increase affinity and specificity, and provide a robust interconnection with Aβ~42~, as all three elements play a critical role in the aggregation process. \[[@BCJ-477-2039C46],[@BCJ-477-2039C62]\] Herein, we present structural studies of the peptide-based inhibitor and describe its effect on Aβ~42~ aggregation and toxicity.

Materials and methods {#s2}
=====================

Peptide synthesis {#s2a}
-----------------

Peptides **1** and **2** were synthesized using Solid Phase Peptide Synthesis (SPPS). Fmoc-based SPPS and commercially available reagents were used for the synthesis of both peptides. 2-Chlorotrityl resin preloaded with Fmoc-Aib-OH (0.80 mmol g^−1^, 1.0 g, 1 equiv) was used for both peptides. The unreacted active sites on the resin were capped with DCM/MeOH/DIPEA (17:2:1, 2 × 25 ml) for 30 min and the resin washed with DCM (x3), DMF (x3) and DCM (x3). *N*-Fmoc deprotection was conducted by treating the resin with 25% piperidine/DMF (25 ml) for 30 min before washing with DCM (x3), DMF (x3) and DCM (x3). Each sequential amino acid was coupled using the following molar ratios of reagents: Fmoc-amino acids were each dissolved in DMF (20 ml), 1-\[bis(dimethylamino)methylene\]-1*H*-1,2,3-triazolo\[4,5-*b*\]pyridinium 3-oxid hexafluorophosphate (HATU)/DMF (0.5 M, 2 equiv) and DIPEA (4 equiv). The resin was then washed with DCM (x3) and DMF (x3) followed by DCM (x3), and the coupling procedures repeated. The coupling time was a minimum of 2 h in all cases. Fmoc-(D)-Trp-OH was next added to each peptide. Thereafter, Fmoc-(L)-Phe-OH, Fmoc-(L)-Val-OH, Fmoc-(L)-Leu-OH, and Fmoc-(L)-Lys(Boc)-OH were sequentially added to peptide **1**, whereas all D-amino acids, Fmoc-(D)-Phe-OH, Fmoc-(D)-Val-OH, Fmoc-(D)-Leu-OH, and Fmoc-(D)-Lys(Boc)-OH were used to synthesize peptide **2**. Following coupling with the final residue for each peptide, treatment with 1.5% TFA/DCM (15 ml) for 10 min resulted in cleavage from the resin. Peptides **1** and **2** were each dissolved in TFA/DCM (50% v/v) for 30 min to remove the Boc protecting group. Each peptide was placed under vacuum before being purified using reverse phase HPLC. KLVFF and wAib-OH (controls) were also synthesized using SPPS, and purified using reverse phase HPLC. Notably, a number of techniques including ^1^H NMR, were used to confirm that peptides **1** and **2** have been stable for more than two years.

^1^H NMR data for peptides {#s2b}
--------------------------

Peptide **1** ^1^H NMR (600 MHz, DMSO-d6) δ 10.79 (s, 1H, OH), 8.47 (d, 1H, NH Leu, *J* = 8.0 Hz), 8.30 (d, 1H, NH Trp, *J* = 8.4 Hz), 8.13--8.10 (m, 3H, NH Aib, NH~2~ terminal Lys), 7.93 (d, 1H, NH Val, *J* = 9.0 Hz), 7.87 (d, 1H, NH Phe, *J* = 7.7 Hz), 7.75 (br s, 1H, NH indole), 7.66 (d, 1H, ArH, *J* = 7.9 Hz), 7.30 (d, 1H, ArH, *J* = 8.1 Hz), 7.12 (d, 1H, ArH, *J* = 2.1 Hz), 7.10--7.04 (m, 4H, ArH), 6.98 (t, 1H, ArH, *J* = 7.5 Hz), 6.94 (d, 2H, ArH, *J* = 7.1 Hz), 4.54--4.49 (m, 2H, CαH Phe, CαH Trp), 4.40 (m, 1H, CαH Leu), 4.08 (m, 1H, CαH Val), 3.76 (m, 1H, CαH Lys), 3.12 (m, 1H, CαH (Trp) C*H*H), 2.84 (m, 1H, CαH (Trp) CH*H*), 2.70 (m, 2H, CαH (Lys) CH~2~CH~2~CH~2~C*H*~2~), 2.65 (m, 1H, CαH (Phe) C*H*H), 2.51 (m, 1H, CαH (Phe) CH*H*), 1.88 (m, 1H, CαH (Val) C*H*), 1.68--1.62 (m, 2H, CαH (Lys) C*H*~2~CH~2~CH~2~CH~2~), 1.58 (m, 1H, CαH (Leu) CH~2~C*H*), 1.51--1.46 (m, 2H, CαH (Lys) CH~2~CH~2~C*H*~2~CH~2~), 1.40--1.34 (m, 2H, CαH (Leu) C*H*~2~CH), 1.37 (s, 3H, Aib C*H*~3~), 1.32 (s, 3H, Aib C*H*~3~), 1.30--1.27 (m, 2H, CαH (Lys) CH~2~C*H*~2~CH~2~CH~2~), 0.87--0.82 (m, 6H, (Leu) 2 × C*H*~3~), 0.75--0.73 (m, 6H, (Val) 2 × C*H*~3~).

HRMS \[M + H\]^+^ calc\'d = 777.4663, \[M + H\]^+^ found = 777.4674 ([Supplementary Figure S11](#SD1){ref-type="supplementary-material"}).

Peptide **2** ^1^H NMR (600 MHz, DMSO-d6) δ 10.80 (s, 1H, OH), 8.47 (d, 1H, NH Leu, *J* = 8.0 Hz), 8.07 (s, 1H, NH Aib), 8.05 (d, 1H, NH Trp, *J* = 8.2 Hz), 7.99 (d, 1H, NH Val, *J* = 9.1 Hz), 7.95 (d, 1H, NH Phe, *J* = 8.1 Hz), 7.73 (br s, 1H, NH indole), 7.57 (d, 1H, ArH, *J* = 7.9 Hz), 7.31 (d, 1H, ArH, *J* = 8.1 Hz), 7.21--7.12 (m, 6H, ArH), 7.05 (t, 1H, ArH, *J* = 7.1 Hz), 6.96 (d, 1H, ArH, *J* = 7.0 Hz), 4.57--4.52 (m, 2H, CαH Phe, CαH Trp), 4.40 (m, 1H, CαH Leu), 4.11 (m, 1H, CαH Val), 3.76 (t, 1H, CαH Lys, *J* = 6.2 Hz), 3.07 (m, 1H, CαH (Trp) C*H*H), 2.98--2.92 (m, 2H, CαH (Trp) CH*H*, CαH (Phe) C*H*H), 2.75 (m, 1H, CαH (Phe) CH*H*), 2.70 (m, 2H, CαH (Lys) CH~2~CH~2~CH~2~C*H*~2~), 1.88 (m, 1H, CαH (Val) C*H*), 1.69--1.63 (m, 2H, CαH (Lys) C*H*~2~CH~2~CH~2~CH~2~), 1.59 (m, 1H, CαH (Leu) CH~2~C*H*), 1.52--1.46 (m, 2H, CαH (Lys) CH~2~CH~2~C*H*~2~CH~2~), 1.42 (m, 1H, CαH (Leu) C*H*HCH), 1.35 (m, 1H, CαH (Leu) CH*H*CH), 1.32 (s, 3H, Aib C*H*~3~), 1.31--1.23 (m, 2H, CαH (Lys) CH~2~C*H*~2~CH~2~CH~2~), 1.27 (s, 3H, Aib C*H*~3~), 0.88--0.83 (m, 6H, (Leu) 2 × C*H*~3~), 0.74--0.72 (m, 6H, (Val) 2 × C*H*~3~).

HRMS \[M + H\]^+^ calc\'d = 777.4663, \[M + H\]^+^ found = 777.4706 ([Supplementary Figure S12](#SD1){ref-type="supplementary-material"}).

IR spectroscopy {#s2c}
---------------

Infrared spectra of peptides **1** and **2** (dried samples) were collected on a PerkinElmer Spectrum 100 FT-IR spectrometer, with attenuated total reflectance (ATR) imaging capabilities, fitted with a ZnSe crystal, with an average reading taken from four scans at 4 cm^−1^ resolution.

High-performance liquid chromatography {#s2d}
--------------------------------------

The synthetic peptides were analyzed and purified by reverse phase HPLC, using a Gilson GX-271 preparative system equipped with Trilution LC 2.1 software, with a Supelco C18 column (250 × 10 mm) at a flow rate of 4 ml min^−1^. ACN/TFA (100/0.0008 by v/v) and water/TFA (100/0.001 by v/v) solutions were used as organic and aqueous buffers, respectively.

High resolution mass spectroscopy {#s2e}
---------------------------------

High resolution mass spectral data were analyzed using an Ultimate 3000 RSL HPLC (Thermo Fisher Scientific Inc., MA) and an LTQ Orbitrap XL ETD using a flow injection method, with a flow rate of 5 μl/min. The HPLC flow is interfaced with the mass spectrometer using the Electrospray source (Thermo Fisher Scientific Inc., MA). Mass spectra were obtained over a range of 100 \< m/z \< 1000. Data was analyzed using XCalibur software (Version 2.0.7, Thermo Fisher Scientific).

Molecular modelling {#s2f}
-------------------

The lowest-energy conformers for the peptides were determined in the gas phase by the NWChem 6.6 package \[[@BCJ-477-2039C63]\] with tight convergence criteria using a hybrid B3LYP functional with 6--31G\*\* basis set for all atoms. Conformational analysis, including dihedral angles, overall molecular lengths and intramolecular hydrogen bond lengths, were conducted using the Chimera 1.11software. \[[@BCJ-477-2039C64]\]

Aβ~42~ aggregation assays {#s2g}
-------------------------

Monomerization of Aβ~42~ (Adelab Scientific) was prepared by NaOH treatment as described previously \[[@BCJ-477-2039C65]\] whereas mature Aβ~42~ fibrils were prepared at 37°C for 24 h with shaking (50 rpm). The ability of various inhibitors to prevent Aβ~42~ fibril formation was assessed using an *in situ* thioflavin-T (ThT) (20 µM) assay. Non-monomerized Aβ~42~ (100 µM) was examined across a range of molar ratios (1 : 1, 1 : 2, 1 : 10 and 1 : 20) (Aβ~42~:inhibitor) in the absence and presence of inhibitors. Assays were performed in PBS (pH 7.4) and 1% DMSO at 35°C in quiescence. The ability of the inhibitors to prevent Aβ~42~ fibrilization was determined by comparing the ThT fluorescence at the conclusion of each assay. \[[@BCJ-477-2039C66]\] The inhibition of primary-nucleation mediated Aβ~42~ aggregation was also monitored using an *in situ* ThT assay where monomerized Aβ~42~ (10 µM) was incubated in the absence and presence of inhibitors under conditions stated above at 25°C. All assays were performed using a FLUOstar Optima plate reader (BMG Lab Technologies) with excitation and emission wavelengths set at 440 nm and 490 nm, respectively. All assays were performed at least three times and data are reported as mean ± SEM of three independent assays.

Seeded α-synuclein (αS) aggregation assays {#s2h}
------------------------------------------

Plasmid (pT7--7, Addgene) encoding for wild-type (WT) human αS (SNCA, UniProt accession number: P37840) were kindly donated by Prof. Heath Ecroyd (University of Wollongong, Australia). Expression and purification of monomeric αS WT was performed as described previously. \[[@BCJ-477-2039C67]\] Following purification, monomeric αS (50 µM in PBS) was heated and stirred at 45°C for 24 h prior to sonication. The ability of peptides **1** and **2** to prevent αS fibril formation was assessed using an αS elongation assay. \[[@BCJ-477-2039C67]\] This assay measures the ability of the designed inhibitors to inhibit the elongation of αS fibrils using short pre-formed αS seed fibrils. Elongation of αS fibrils was monitored using an *in situ* ThT (20 µM) assay. Inhibitors were added at 1 : 1, 2 : 1 and 1 : 2 molar ratios (αS:inhibitor) to monomeric αS (50 µM) in PBS (pH 7.4) with 5% (w/w) αS seed fibrils. All assays were performed at least three times and data are reported as mean ± SEM of these independent assays.

TEM {#s2i}
---

The presence and morphology of Aβ~42~ fibrils were imaged by TEM where 2 μl aliquots from the end-point of ThT aggregation assays were adsorbed on to carbon-coated electron microscopy grids (SPI Supplies) and negatively stained with 2% (w/v) uranyl acetate. \[[@BCJ-477-2039C68]\] Images were viewed using a Philips CM100 transmission electron microscope at 45 000× magnification.

Nile red assays {#s2j}
---------------

Nile red fluorescence was used to determine the relative amount of exposed hydrophobicity of Aβ~42~ fibrils and measured using a Cary Eclipse fluorescence spectrophotometer (Varian). Fibrils (10 µM in PBS, pH 7.4) in the presence and absence of inhibitors were labelled with Nile red (10 µM). Labelled samples were incubated for 5 min at room temperature prior to fluorescence measurement. The excitation wavelength was set at 595 nm and emission wavelength was recorded from 500--800 nm. The slit widths for excitation and emission spectra were both set at 5 nm.

Cell culture and cell viability assays {#s2k}
--------------------------------------

Mouse neuroblastoma Neuro-2a cells were kindly donated by Dr. David Bersten (University of Adelaide, Australia) and grown in DMEM/F12 media containing 10% fetal calf serum at 37°C in 5% CO~2~/95% air atmosphere. Cells were seeded at 3 × 10^4^ cells/well in aforementioned media and equilibrated for 24 h prior to addition of pre-formed Aβ~42~ fibrils (50 µM) in the absence and presence of each inhibitor at a 1 : 2 (Aβ~42~ : inhibitor) molar ratio. Cells were then incubated for 48 h at 37°C in 5% CO~2~/95% air atmosphere prior to cell viability measurement. The ability of the inhibitors to prevent cytotoxicity induced by the addition of exogenous Aβ~42~ fibrils was assessed using a thiazolyl blue tetrazolium bromide (MTT) assay. Media was removed post-incubation and replaced with serum-free media containing MTT (0.25 mg/ml) and incubated for 2 h at 37°C in 5% CO~2~/95% air atmosphere. Media containing MTT was removed and cells were lysed with DMSO prior to absorbance measurement at 570 nm using a FLUOstar Optima plate reader (BMG Lab Technologies). Statistical analysis was performed using Prism 8.0 (GraphPad).

Native ion mobility---mass spectrometry (IM-MS) {#s2l}
-----------------------------------------------

IM-MS was performed as described previously \[[@BCJ-477-2039C68]\] on a Synapt G1 HDMS (Waters) with a nanoelectrospray source. Aβ~42~ (10 µM) was incubated in the absence and presence of peptide 1/2 at a 1 : 10 molar ratio (Aβ~42~ : peptide **1**/**2**) in 200 mM ammonium acetate (pH 6.8) and loaded onto platinum-coated borosilicate glass capillaries prepared in-house (Harvard Apparatus). To minimize gas-phase structural rearrangement the following instrument parameters were applied: capillary voltage, 1.65 kV; sample cone voltage, 20 V; source temperature, 25°C; trap collision energy, 10--20 V (5 V increments); transfer collision energy, 10 V; trap gas: 4.5 l/h; backing pressure, 4.0 mbar. IM cell instrument parameters: wave velocity: 300 m/s; transfer t-wave height: 6 V; transfer wave velocity: 250 m/s. Mass spectra and ATD data were analyzed using MassLynx (v4.1) and Driftscope (v2.7) respectively (Waters).

Results and discussion {#s4}
======================

Peptide design {#s4a}
--------------

Peptide **2** and its natural analogue **1** ([Figure 1B](#BCJ-477-2039F1){ref-type="fig"}) were designed specifically to inhibit the aggregation of Aβ~42~. The peptide sequence is based on the hydrophobic core, KLVFF recognition region of Aβ~42~, with the terminal phenylalanine residue of each replaced with D-Trp which is known to enhance amyloidogenicity, and with an appended C-terminal achiral Aib residue to act as a β-strand breaker. The peptides were designed to adopt a β-strand geometry and bind specifically to the KLVFF region of Aβ~42~ by virtue of their sequence homology, with the Aib residue proposed to interfere with the aggregation process.

As previously demonstrated, \[[@BCJ-477-2039C27]\] a peptide-based inhibitor containing a preorganized β-strand conformation, facilitates binding to early β-structured oligomers to a greater extent than unstructured monomers bind oligomers. With respect to oligomeric amyloid structures, it has been proposed that a parallel β-sheet forms between neighboring Aβ~42~ monomers at the central 15--21 residue region. \[[@BCJ-477-2039C40]\] An antiparallel β-sheet has also been suggested for the interaction between short inhibitory peptides containing D-amino acids and the all L-Aβ~42~, generating energetically favourable hydrogen bonding. \[[@BCJ-477-2039C52]\] The C-terminal Aib residue is intended to sterically block hydrogen bonding between the β-sheets in either orientation, while also increasing the overall hydrophobicity of the peptide. An Aib moiety is known to promote helicity which then disrupts β-sheet formation, leading to inhibition of amyloid formation. \[[@BCJ-477-2039C55]\] The mass of the peptide was restricted to 776 Da, without compromising functionality, since compounds with a mass in excess of 1000 Da are largely excluded from passing through the BBB. \[[@BCJ-477-2039C69]\] Peptide fragments, KLVFF and D-Trp-Aib-OH (hereafter referred to as wAib, [Figure 1B](#BCJ-477-2039F1){ref-type="fig"}) were used as controls for the aggregation studies, as peptides **1** and **2** were both derived from the KLVFF region of Aβ~42~, and each contain an Aib residue coupled to a D-Trp at their C-termini.

Conformational analysis of peptides {#s4b}
-----------------------------------

The backbones of peptides **1** and **2** were shown to adopt a β-strand geometry by ^1^H NMR, IR and molecular modelling. Specifically, CαH (*i*) to NH (*i* + 1) and CβH~2~ (*i*) to NH (*i* + 1) ROESY interactions for residues 1--5 were observed (excluding Aib, see [Supplementary Figures S1](#SD1){ref-type="supplementary-material"}, [S2](#SD1){ref-type="supplementary-material"}). Four ^3^*J*~NHCαH~ coupling constants between 7.7 Hz and 9.0 Hz were observed for peptide **1**, while ^3^*J*~NHCαH~ coupling constants between 8.0 Hz and 9.1 Hz were observed for residues 2--5 in peptide **2** (excluding Aib), in accordance with a β-strand conformation. \[[@BCJ-477-2039C70]\] The IR spectrum of peptide **1** shows a strong Amide I band at 1637 cm^−1^, characteristic of a β-strand conformation, together with an Amide II band at 1550 cm^−1^ (N-H bending vibrations, parallel β-sheet), \[[@BCJ-477-2039C71]\] and Amide A band at 3275 cm^−1^ (N-H stretching, [Supplementary Figure S3](#SD1){ref-type="supplementary-material"}). The IR spectrum for peptide **2** is also characteristic of a β-strand conformation, with a strong Amide I band at 1631 cm^−1^, and an Amide II band at 1525 cm^−1^, indicative of an antiparallel β-sheet ([Supplementary Figure S4](#SD1){ref-type="supplementary-material"}). \[[@BCJ-477-2039C71]\] The lowest energy conformer for the D-peptide **2** was determined by density functional theory (DFT) calculations to further define the backbone geometry (see Materials and Methods section for details). The backbone dihedral angles for **2** indicate a β-strand geometry throughout the peptide, from D-Lys (1) to D-Trp (5), with the exception of the Aib residue ([Supplementary Table S1](#SD1){ref-type="supplementary-material"}). This result supports the IR and ^1^H NMR spectroscopic data, which also confirms an extended β-strand conformation, with the exception of the C-terminal Aib 'β-breaker' moiety. Furthermore, critical distances calculated for CαH (*i*) to NH (*i* + 1) and CβH~2~ (*i*) to NH (*i* + 1) are in accordance with a β-strand conformation ([Supplementary Figures S5--S7](#SD1){ref-type="supplementary-material"} and [Supplementary Table S2](#SD1){ref-type="supplementary-material"}). \[[@BCJ-477-2039C72]\]

Peptide **2** significantly inhibits Aβ~42~ fibril elongation {#s4c}
-------------------------------------------------------------

Peptides **1** and **2** were each tested for inhibition of Aβ~42~ elongation, with control peptides KLVFF and wAib used for comparison. The ability of the peptides to inhibit Aβ~42~ aggregation was assessed using an *in vitro* thioflavin-T (ThT) fluorescence assay (see Materials and Methods section for details), which exhibits increased fluorescence with the extent of cross β-sheet structure, characteristic of amyloid fibril formation. \[[@BCJ-477-2039C38]\] In the absence of inhibitors, Aβ~42~ follows aggregation kinetics whereby fibril elongation begins immediately (i.e. seeding-like kinetics), reaching a plateau at ∼6 h ([Figure 2A](#BCJ-477-2039F2){ref-type="fig"}) likely due to the high concentration of Aβ~42~ (100 µM) as observed previously \[[@BCJ-477-2039C73]\]. In the presence of wAib, no drastic change in ThT fluorescence was observed over time, until a 20-fold excess led to an observable decrease in fluorescence ([Figure 2A](#BCJ-477-2039F2){ref-type="fig"}; dark grey). In the presence of KLVFF, small decreases in fluorescence were observed at 2-fold and 10-fold excess compared with Aβ~42~ alone ([Figure 2A](#BCJ-477-2039F2){ref-type="fig"}; light grey). Conversely, in the presence of either peptides **1** or **2**, a dramatic decrease in fluorescence was observed compared with Aβ~42~ alone ([Figure 2A](#BCJ-477-2039F2){ref-type="fig"}; dark and light blue, respectively). Essentially, peptide **2** achieved near complete inhibition at a 1 : 2 molar ratio ([Figure 2A,B](#BCJ-477-2039F2){ref-type="fig"}).

![Peptide 2 as a most effective inhibitor of Aβ~42~ fibril elongation.\
(**A**) ThT fluorescence assay monitoring fibril elongation and formation of Aβ~42~ in the absence (100 µM, black) and presence of wAib (dark grey), KLVFF (light grey) and peptide inhibitors **1** (blue) and **2** (purple) at various molar ratios (ranging from 1 : 1 to 1 : 20 Aβ~42~ : inhibitor). (**B**) The degree of inhibition of Aβ~42~ fibril elongation (calculated at the conclusion of the assay) of wAib, KLVFF, **1** and **2** across the range of molar ratios. Data reported in A and B is presented as mean ± SEM (*n* = 3). (**C**) TEM images of mature Aβ~42~ fibrils in the absence and presence of inhibitors at a 1 : 2 molar ratio (Aβ~42~ : inhibitor). Scale bars represent 200 nm.](BCJ-477-2039-g0002){#BCJ-477-2039F2}

The specificity of each peptide to Aβ~42~ was also assessed by performing an α-synuclein (αS) fibril elongation assay and measuring the change in ThT fluorescence. An abnormal accumulation of α-synuclein protein in the brain is associated with the onset of Parkinson\'s disease. \[[@BCJ-477-2039C74]\] In the presence of these inhibitors, only peptide **1** displayed a distinct decrease in fluorescence at a 1 : 2 molar ratio (αS:inhibitor) ([Supplementary Figure S10](#SD1){ref-type="supplementary-material"}). Notably, peptide **2** showed no effect on α-synuclein aggregation, demonstrating the significance of the specific D-amino acid sequence, and the secondary structure within this potent peptide-based inhibitor for specificity towards Aβ~42~.

Transmission electron microscopy (TEM) was also used to examine the morphology of Aβ~42~ fibrils in the absence and presence of the inhibitory peptides at the conclusion of the aggregation assays. In the absence of inhibitors, Aβ~42~ incubated alone is observed to form a dense network typical of amyloid fibrils ([Figure 2C](#BCJ-477-2039F2){ref-type="fig"}). In the presence of either wAib or KLVFF, Aβ~42~ also exhibits a dense fibrillar structure at the molar ratio tested (1 : 2) (Aβ~42~:inhibitor) ([Figure 2C](#BCJ-477-2039F2){ref-type="fig"}). Previous studies, using a KLVFF-NH~2~ peptide as a control, observed similar dense fibrilization when incubated with Aβ~42~ at a similar stoichiometric ratio. \[[@BCJ-477-2039C37],[@BCJ-477-2039C42]\] In the presence of peptide **1**, the abundance of Aβ~42~ fibrils is reduced considerably when compared with the two controls ([Figure 2C](#BCJ-477-2039F2){ref-type="fig"}). However, in the presence of peptide **2**, small fibril seeds are sparsely distributed, with no large fibrillar structures observed ([Figure 2C](#BCJ-477-2039F2){ref-type="fig"}), highlighting its capacity as a potent inhibitor. Overall, the data from the ThT assays are commensurate with the associated TEM images for both controls and peptide inhibitors.

Due to the absence of an observable lag-phase where primary nucleation would occur, changes in ThT fluorescence during the elongation phase ([Figure 1A](#BCJ-477-2039F1){ref-type="fig"}, 0.5--2.5 h) were examined to determine the elongation rate from the range of molar ratios tested ([Figure 3A](#BCJ-477-2039F3){ref-type="fig"} and [Supplementary Table S3](#SD1){ref-type="supplementary-material"}). Both wAib and KLVFF do not drastically affect the rate of Aβ~42~ fibril elongation ([Figure 3A](#BCJ-477-2039F3){ref-type="fig"} and [Supplementary Table S3](#SD1){ref-type="supplementary-material"}). In contrast, peptides **1** and **2** significantly reduce the rate of fibril elongation such that a 10-fold excess of peptide **2** remarkably halts fibril elongation altogether ([Figure 3A](#BCJ-477-2039F3){ref-type="fig"} and [Supplementary Table S3](#SD1){ref-type="supplementary-material"}). In addition, the relationship between inhibitor concentration and Aβ~42~ was determined to provide evidence as to whether peptides **1** and **2** interact with Aβ~42~ species to attenuate fibril formation ([Figure 3B](#BCJ-477-2039F3){ref-type="fig"}). As the concentration of wAib and KLVFF increases there is little effect on fibril elongation (i.e. less than a 50% decrease in the elongation rate at a 20-fold excess). However, as the concentration of peptides **1** and **2** increases there is a dramatic reduction in fibril elongation, suggesting that these peptides interact with fibrillar Aβ~42~ and prevent further monomer recruitment.

![Peptide 2 drastically reduces the rate of Aβ~42~ fibril elongation.\
(**A**) The change in ThT fluorescence during the elongation phase of Aβ~42~ (100 µM) fibril formation in the absence (black) and presence (grey, blue and purple) of inhibitors at a range of molar ratios (0--2.5 h from [Figure 2A](#BCJ-477-2039F2){ref-type="fig"}). (**B**) The rate of Aβ~42~ fibril elongation as a function of inhibitor concentration (mM) was fitted with a non-linear one-phase decay fit. (**C**) ThT fluorescence assay of Aβ~42~ (10 µM) spiked after 4.5 h (red dashed line) with peptides **1** and **2** (100 µM) during incubation where no decrease in fibrilization was observed. Data reported is presented as mean ± SEM (*n* = 3).](BCJ-477-2039-g0003){#BCJ-477-2039F3}

In addition, the mechanism(s) in which peptides **1** and **2** prevent Aβ~42~ fibrilization were probed by examining their ability to disassemble pre-formed fibrils ([Figure 3C](#BCJ-477-2039F3){ref-type="fig"}). Fibril elongation was allowed to proceed for 4.5 h, at which point a 10-fold molar excess of either peptide **1** or **2** was added ([Figure 3C](#BCJ-477-2039F3){ref-type="fig"}, red dashed line). In contrast with peptide **1**, peptide **2** exhibits a plateau in ThT fluorescence for the duration of the assay ([Figure 3C](#BCJ-477-2039F3){ref-type="fig"}). Collectively, this indicates that the peptides, particularly **2**, do not disassemble pre-formed fibrils but interact with the ends of fibrils to prevent subsequent elongation. Overall the data indicates that both peptides, in particular peptide **2**, preferentially interact with Aβ~42~ fibrils to prevent further fibrilization. The fact that peptide **2** does not disassemble existing fibrils, thereby potentially avoiding the formation of toxic oligomers, reinforces the feasibility of the proposed binding mode (mechanism) where a robust interconnection is made between the two by virtue of their sequence homology, heterochiral nature, and complementary β-strand conformation.

Peptide **2** also interacts with Aβ~42~ monomers by inhibiting primary nucleation mediated Aβ~42~ fibril formation {#s4d}
-------------------------------------------------------------------------------------------------------------------

The ability of peptides **1** and **2** to prevent primary nucleation mediated Aβ~42~ fibril formation was also assessed by ThT fluorescence assays. Under conditions that induce primary nucleation fibril formation (typically 5--10 µM)\[[@BCJ-477-2039C65],[@BCJ-477-2039C75]\] and in the absence of inhibitors, Aβ~42~ follows sigmoidal-like aggregation kinetics at the concentration examined (10 µM) whereby the lag-phase and subsequent fibril elongation begins at ∼1.5 h, reaching a plateau at ∼13 h ([Figure 4A](#BCJ-477-2039F4){ref-type="fig"}). In the presence of peptide **1**, no distinct change in aggregation kinetics was observed at a 1 : 1 molar ratio (Aβ~42~ : inhibitor) compared with Aβ~42~ alone ([Figure 4A](#BCJ-477-2039F4){ref-type="fig"}, blue), conferring only 2% inhibition ([Figure 4B](#BCJ-477-2039F4){ref-type="fig"}). At 1 : 10 and 1 : 20 molar ratios, a significant decrease in total fibril formation was observed, with plateaus at 10 h and 4 h, respectively with no change in lag-phase (i.e. primary nucleation) or elongation rate ([Figure 4A](#BCJ-477-2039F4){ref-type="fig"}). Subsequently, peptide **1** conferred 3% (1 : 1), 41% (1 : 10) and 70% (1 : 20) inhibition, whilst peptide **2** afforded 36% (1 : 1) and 60% (1 : 10) inhibition ([Figure 4A,B](#BCJ-477-2039F4){ref-type="fig"}). At a 1 : 20 molar ratio, peptide **2** drastically changes the aggregation kinetics of Aβ~42~, extending the lag-phase to 7 h and slowing the rate of fibril elongation ([Figure 4A](#BCJ-477-2039F4){ref-type="fig"}, purple), resulting in 79% inhibition ([Figure 4B](#BCJ-477-2039F4){ref-type="fig"}). We propose that peptide **2** can interact with Aβ~42~ monomers in order to prevent fibril formation, however further studies are needed to substantiate this notion, and these will be discussed in the following section. When combined with our fibril elongation assay data, the mechanism(s) of inhibition utilized by **1** and **2** are distinct as both predominantly interact with Aβ~42~ fibrils, whilst peptide **2** also interacts with Aβ~42~ monomers by inhibiting primary nucleation and subsequent fibril elongation.

![Peptide 2 as a most effective inhibitor of Aβ~42~ fibrilization.\
(**A**) ThT fluorescence assay monitoring fibril formation of Aβ~42~ in the absence (10 µM, black) and presence of peptide inhibitors **1** (blue) and **2** (purple) at various molar ratios (ranging from 1 : 1 to 1 : 20, Aβ~42~ : inhibitor). (**B**) The degree of inhibition of Aβ~42~ fibril formation (calculated at the conclusion of the assay) induced by peptides **1** and **2** across the range of molar ratios examined. Data reported in A and B is presented as mean ± SEM (*n* = 3).](BCJ-477-2039-g0004){#BCJ-477-2039F4}

Peptide **2** induces conformational changes on aggregation-prone Aβ~42~ monomers {#s4e}
---------------------------------------------------------------------------------

Native ion-mobility mass spectrometry (IM-MS) and molecular modelling were used to determine whether peptides **1** and **2** modulate the conformation of aggregation-prone Aβ~42~ monomers as an additional means of fibril inhibition ([Figure 5](#BCJ-477-2039F5){ref-type="fig"}). Native MS is a useful biophysical tool to probe the tertiary and quaternary structures, and dynamics of non-covalent protein-peptide assemblies ([Figure 5A](#BCJ-477-2039F5){ref-type="fig"}). When coupled to ion-mobility separation, the conformation of aggregation-prone assemblies can be visualized and assessed by observing the arrival time distribution (ATD) of individual protein species (e.g. monomers and dimers) during fibril formation ([Figure 5B,C](#BCJ-477-2039F5){ref-type="fig"}). In the absence of peptides **1** and **2**, Aβ~42~ monomers undergo a disorder to order transition during incubation, as evidenced by the decrease in ATD (2.82 ms to 1.96 ms) after 2 h incubation, which is typical of fibril forming proteins \[[@BCJ-477-2039C68]\] ([Figure 5B,C](#BCJ-477-2039F5){ref-type="fig"}). Upon addition of either peptides **1** or **2** prior to incubation, an ATD shift was observed. In the presence of peptide **1** (1.65 ms) and **2** (1.89 ms) this distribution (and hence monomer conformation) did not change further during aggregation ([Figure 5B,C](#BCJ-477-2039F5){ref-type="fig"}), which demonstrates that Aβ~42~ monomers adopt a compact (i.e. more ordered) conformation upon immediate addition of inhibitor. The degree of heterogeneity within the monomer can be reported by the full-width half maximum (FWHM) ([Figure 5D](#BCJ-477-2039F5){ref-type="fig"}), where high FWHM values indicate monomers adopting more conformations across a broader ATD, and lower FWHM values indicate monomers adopting a comparatively restricted ensemble of conformations. The conformational heterogeneity of Aβ~42~ monomers during incubation is reduced (1.88 to 1.34 ms) ([Figure 5B,C](#BCJ-477-2039F5){ref-type="fig"}). The immediate addition and incubation of **1** did not induce any change in conformational heterogeneity of Aβ~42~ monomers during incubation (1.26 to 1.30 ms) ([Figure 5B](#BCJ-477-2039F5){ref-type="fig"}, inset). However, upon immediate addition and subsequent incubation of Aβ~42~ with **2**, we observed an increase in conformational heterogeneity (1.19 to 1.41 ms) ([Figure 5D](#BCJ-477-2039F5){ref-type="fig"}). This compaction and change in conformational heterogeneity of Aβ~42~ monomers induces similar structural changes that are normally required for fibrilization, yet are unable to anneal on fibrils (i.e. fibril elongation), as has been previously suggested. \[[@BCJ-477-2039C30]\]

![Probing the interaction between peptides 1 and 2, and Aβ~42~ monomers by native IM-MS and molecular modelling.\
(**A**) Native IM-MS of Aβ~42~ (10 µM) in 200 mM ammonium acetate (pH 7.0) at 0 h with the monomer^4+^ (M^4+^; *m/z* 1128) being selected for ATD analysis (green box). (**B** and **C**) ATDs of Aβ~42~ M^4+^ during incubation with peptide **1** (**B**) and **2** (**C**) at a 1 : 10 molar ratio (Aβ~42~ : peptide **1**/**2**) at low activation energies (10--20 V). Aβ~42~ monomers in the absence of peptide **1** or **2** exhibit a disorder to order transition (black to grey) after 2 h incubation (37°C). The addition of peptides **1** (dark blue, 0 h; light blue, 2 h) or **2** (dark orange, 0 h; light orange, 2 h) immediately induces a conformational change of Aβ~42~ monomers and persists during the initial stages of fibril formation (left panels). (**D**) FWHM time for Aβ~42~ M^4+^ ATDs in the absence and presence of **1** and **2** after 0 h and 2 h incubation (mean ± SD, *n* = 3). (**E**) Molecular modelling illustrates the interaction between a truncated segment of Aβ~42~ (residues 14--22) and peptide **2** (light blue), mediated by strong H-bonding between residues klvfw of **2**, and KLVFF of Aβ~42~, by virtue of their sequence homology (H-bond distances in Å, dashed lines).](BCJ-477-2039-g0005){#BCJ-477-2039F5}

In light of this ATD data, molecular modelling was employed to further probe the interaction between Aβ~42~ monomers and peptide **2**. The modelling data demonstrates that peptide **2** is capable of forming six strong intermolecular H-bonds with a truncated segment of Aβ~42~ (residues 14--22; HQKLVFFAE) ([Figure 5E](#BCJ-477-2039F5){ref-type="fig"}). The data also indicates that, like KLVFF, peptide **1** is prone to self-association via intermolecular H-bonding ([Supplementary Figure S8A](#SD1){ref-type="supplementary-material"}). Thus, there is competition with KLVFF and peptide **1**, between self-aggregation and interaction with Aβ~42~. In contrast, peptide **2** does not self-aggregate ([Supplementary Figure S8B](#SD1){ref-type="supplementary-material"}) and preferentially binds to Aβ~42~. We propose that peptide **2** induces conformational changes to Aβ~42~ monomers through transient interactions, which is analogous to various fibrilization inhibitors such as molecular chaperones \[[@BCJ-477-2039C76]\] and flavones. \[[@BCJ-477-2039C77]\] The data shows that peptide **2** is capable of forming a strong H-bond network specific to residues 16--20 of Aβ~42~. This 'in-register' parallel β-sheet architecture is found in the hydrophobic central core region of Aβ \[[@BCJ-477-2039C78]\] and is common to most other pathological human amyloids. \[[@BCJ-477-2039C79]\] This arrangement, with the all D-peptide forming intermolecular hydrogen bonds with the all L-Aβ~42~ peptide, positions the side chains of the adjacent peptides opposite to one another, which would help alleviate charge repulsion between lysine residues. [Supplementary Figure S9](#SD1){ref-type="supplementary-material"} shows the model of peptide **2** from above, with residues 1--5 comprising a β-strand structure, with the exception of the Aib residue. Each backbone carbonyl and amide hydrogen of amino acids 1--5 are positioned as a β-strand, whereas those associated with the Aib residue adopt a different orientation, which is not conducive to intermolecular hydrogen bonding to Aβ~42~ from above or below. We have previously shown the geminally disubstituted Aib residue to reduce backbone flexibility within a peptide. \[[@BCJ-477-2039C80]\] Collectively, our results demonstrate that peptide **2** interacts with both monomeric and fibrillar Aβ~42~ to inhibit fibril formation and elongation. This interaction is sequence-specific, with the C-terminal Aib β-breakage moiety of **2** preventing further intermolecular hydrogen bonding, thus impeding the self-assembly process.

Peptide **2** significantly reduces hydrophobicity of Aβ~42~ fibrils {#s4f}
--------------------------------------------------------------------

To further understand the mechanism(s) by which **1** and **2** interact with Aβ~42~, we investigated whether these peptides could reduce the exposed hydrophobicity of Aβ~42~ fibrils ([Figure 6A,B](#BCJ-477-2039F6){ref-type="fig"}). Fibrils were labelled with Nile red (10 µM) in the absence and presence of peptides **1** and **2** at the molar ratios tested in the ThT fluorescence assays (see Materials and Methods section for details). No shift in the emission wavelength was observed in the absence or presence of peptides **1** and **2** ([Figure 6A,B](#BCJ-477-2039F6){ref-type="fig"}). Upon treatment with either peptide, there was an observable concentration-dependent decrease in Nile red fluorescence, with peptide **2** inducing a considerably greater decrease in fluorescence intensity compared with peptide **1** at a 1 : 20 molar ratio (Aβ~42~ : inhibitor) ([Figure 6A,B](#BCJ-477-2039F6){ref-type="fig"}). This indicates that peptide **2** decreases the surface hydrophobicity of Aβ~42~ fibrils, potentially reducing their toxicity.

![Peptide 2 significantly reduces hydrophobicity of Aβ~42~ fibrils.\
(**A** and **B**) Nile red emission fluorescence of Aβ~42~ fibrils (10 µM) in the absence and presence of peptides **1** (**A**) and **2** (**B**) at various molar ratios (1 : 1 to 20 : 1, peptide : Aβ~42~).](BCJ-477-2039-g0006){#BCJ-477-2039F6}

Peptide **2** significantly reduces cytotoxicity of Aβ~42~ fibrils {#s4g}
------------------------------------------------------------------

The cytotoxic effects of Aβ~42~ aggregation on various cell types are well known, \[[@BCJ-477-2039C81]\] and here we investigate the ability of these peptide-based inhibitors to decrease cytotoxicity in the presence of Aβ~42~ fibrils using an MTT cell viability assay (see Materials and Methods section for details). Firstly, the presence of inhibitors to specifically exert cytotoxic effects on cells was examined ([Figure 7](#BCJ-477-2039F7){ref-type="fig"}). Cells treated with both Aβ~42~ and inhibitors were analyzed at a 1 : 2 molar ratio (Aβ~42~ : inhibitor). Across all compounds tested, there was no drastic change in cell viability in the absence of Aβ~42,~ indicating that the inhibitors (and controls) alone do not affect cell viability. Upon addition of exogenous Aβ~42~ fibrils to murine neuroblastoma Neuro-2a cells, a substantial decrease in cell viability was observed (∼56% decrease, [Figure 7A,B](#BCJ-477-2039F7){ref-type="fig"}). The addition of either wAib or KLVFF in the presence of Aβ~42~ fibrils does not significantly increase cell viability compared with cells incubated with Aβ~42~ alone ([Figure 7A](#BCJ-477-2039F7){ref-type="fig"}). However, the addition of peptides **1** and **2** significantly increases cell viability to ∼90% and ∼99%, respectively, compared with Aβ~42~ alone ([Figure 7A](#BCJ-477-2039F7){ref-type="fig"}). Overall, the data indicates that peptides **1** and **2** are both biocompatible, and reduce Aβ~42~ fibril-induced toxicity at the cellular level. Most notably, peptide **2** incubated with Aβ~42,~ drastically restores cell viability.

![Peptide 2 significantly restores cell viability upon addition of Aβ~42~ fibrils.\
(**A** and **B**) Neuro-2a cells were treated with various inhibitors in the presence (**A**) and absence (**B**) of pre-formed Aβ~42~ fibrils (50 µM). Cells treated with both Aβ~42~ and inhibitors were examined at a 1 : 2 molar ratio (Aβ~42~ : inhibitor). Cells were incubated for 24 h and cell viability was measured upon addition of MTT (0.5 mg/ml). Data reported is presented as mean ± SEM (*n* = 3) (\*\* *P* \< 0.01, \*\*\*\* *P* \< 0.0001).](BCJ-477-2039-g0007){#BCJ-477-2039F7}

In summary, the aggregation of Aβ~42~ monomers to potentially neurotoxic oligomers and fibrils is believed to be responsible for the onset of AD, with the first step in this process being a conformational change to a β-sheet geometry. Inhibitors designed expressly for Aβ~42~ aggregation require high specificity, hence the design and synthesis of peptide **2** was based on the β-strand-containing KLVFF region of the amyloid peptide, together with an Aib β-sheet disruption element. This is the first study of its type to successfully exploit the synergy between a recognition and disruption component incorporated into a peptide comprising D-amino acids, for the specific inhibition of Aβ~42~ aggregation. NMR and IR data, together with molecular modelling, confirm the presence of a β-strand conformation throughout the inhibitor, with the exception of the Aib 'β-breaker' moiety. Experimental data show that peptide **2** prevents fibril formation, specifically towards Aβ~42~, and significantly reduces the rate of fibril elongation, such that a two-fold excess essentially halts fibril elongation altogether. This peptide-based inhibitor preferentially interacts with Aβ~42~ fibrils by slowing elongation, likely interacting with the ends of fibrils, to prevent further fibril formation. Aggregation assays, native IM-MS and molecular modelling were used to demonstrate that peptide **2** is also capable of interacting with Aβ~42~ monomers to prevent oligomerization and inhibit aggregation. These results shed light on the binding mechanism and further underline the significance of the β-strand structure, and particular D-amino acid sequence, for specificity towards Aβ~42~. Cell viability assays demonstrate that when incubated with Aβ~42~ in a 2:1 molar ratio~,~ peptide **2** exhibits essentially no cytotoxic effect whatsoever. Moreover, an effective inhibitor should not self-aggregate and, unlike the KLVFF peptide fragment, **2** fulfils this requirement. Collectively, our results show peptide **2** to be a potent inhibitor of Aβ~42~ monomers, oligomers and fibrils, and thus offers considerable promise for further development as a drug candidate in the treatment of AD. We set out to exploit the synergy between the recognition and disruption components incorporated into the peptide-based inhibitor, and found that the sum is greater than its parts. The synergistic rationale employed in this study could potentially be applied to enhance therapeutic efficacy for fibril forming proteins that are associated with other neurodegenerative diseases.
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